METHODS

Identification and Synthesis of Controlled Trials
Since ephedrine is believed to be the alkaloid most responsible for the effects of herbal ephedra, we searched for controlled trials of ephedrine or ephedra that assessed either weight loss or athletic performance in humans.
We searched the following electronic databases in March , and SCISEARCH (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) . Search terms included ephedra, ephedrine, adverse effect, side effect, efficacy, effective, and toxic. The specific search strategies are displayed in an Appendix of detailed methods available at http://www.rand.org/health /epc. We then searched the reference lists of each retrieved article. There was no language restriction. We also searched for unpublished or "gray" literature by posting announcements in the journals Phytomedicine and Herbalgram and by writing to numerous regulatory officials and herbal experts in other countries seeking unpublished evidence.
Two trained reviewers independently reviewed titles, abstracts, and articles to identify controlled trials in humans assessing weight loss or athletic performance. Disagreements were resolved by consensus. Articles meeting these inclusion criteria were then reviewed in duplicate to abstract data regarding study design and execution, participants, therapies, and outcomes (abstracted variables are available at http://www.rand.org/health/epc). To assess efficacy in weight loss, we included only trials with at least 8 weeks' duration of treatment, because shorter durations of treatment are thought to be less informative. To assess adverse events, we included all identified controlled trials for either indication. Articles were not masked for author or journal.
Trials assessing athletic performance were too heterogeneous to support statistical pooling. For the weight loss and adverse events analyses, we abstracted the relevant outcome data (weight loss, occurrence of an adverse event). Weight loss outcomes were pooled in clinically similar groups of trials. We first verified that weight loss was linear over the range of time for which data were available by comparing pooled monthly rates of weight loss based on 2-month, 3-month, and 4-month data separately. We then pooled monthly weight loss effect sizes using a random-effects model. 7 We also pooled percentage weight loss from baseline in the treatment groups for comparison with other weight loss products.
We tested for a dose effect using a meta-regression model, 8 defining an ephedrine low dose as 10 to 20 mg/d; medium dose as 40 to 90 mg/d; and high dose as 100 to 150 mg/d.
We conducted sensitivity analyses to determine the robustness of our conclusions. One sensitivity analysis divided the trials into those with less than 20% attrition compared with all others. A second analysis dropped an included trial by Moheb et al 9 that presented data in abstract form and required sample-size assumptions. A third analysis assessed only those trials scoring 3 or greater on the Jadad scale of quality, 10, 11 which gives points based on randomization, blinding, and description of withdrawals, and ranges from 0 (poor) to 5 (good). In other settings a threshold of 3 has been shown to be related to bias. 11 We also performed sensitivity analyses where relevant by dropping trials that included other medications (aspirin, synephrine) with ephedrine. The sensitivity analysis based on study quality was specified a priori; all others were post hoc after examining the relevant studies.
For the safety analysis, we estimated the pooled odds ratio (OR) for clinically related groups of symptoms using exact conditional inference methods because of the rarity of events. To assess dose response, we conducted a stratified analysis with the dose strata defined as for the efficacy analysis.
We assessed the possibility of publication bias by evaluating a funnel plot of effect sizes for asymmetry, which results from the nonpublication of small, negative trials. Because graphical evaluation can be subjective, we also conducted an adjusted rank correlation test 12 and a regression asymmetry test. 13 We conducted all analyses using Stata 14 except for the exact analyses, which were conducted using StatXact, 15 with PϽ.05 considered significant. A more detailed explanation of these methods is available at http://www.rand.org /health/epc.
Because the randomized trials had, even in aggregate, low statistical power to assess the possibility of rare adverse events, we searched for and reviewed case reports of adverse events associated with use of ephedrine or ephedra. Case reports cannot be considered, except in extraordinary circumstances, to be conclusive evidence of a cause-andeffect relationship. Case reports can, however, be useful to establish the potential for a causal relationship. We assessed all reports for ephedrine and ephedra in the FDA MedWatch files as of September 30, 2001 , all case reports we identified in published literature, and a very large file of symptoms reported to a manufacturer of ephedra-containing dietary supplements. All case reports were screened and we reviewed in detail all reports of death, myocardial infarction/acute coronary syndromes/ other cardiac symptoms, cerebrovascular accident/transient ischemic attack/ other neurologic symptoms, seizure, and serious psychiatric symptoms.
We searched for documentation that (1) an adverse event had occurred; (2) the subject had consumed ephedra or ephedrine within 24 hours prior to the adverse event or that a toxicological examination had revealed ephedrine or one of its associated products in the blood or urine; and (3) an adequate investigation had evaluated for and excluded other potential causes. Cases meeting all these criteria were labeled "sentinel events." Cases meeting the first 2 criteria that had other possible causes of the event were labeled "pos-sible sentinel events." We used the clinical judgment of expert clinicians to assess whether other causes had been adequately evaluated and excluded.
RESULTS
FIGURE 1
illustrates the flow of literature reviewed. We identified 550 articles. These included 3 clinical trials that were unpublished at the time our review was undertaken; one has since been published. We were unable to obtain 20 articles; from their titles and keywords none appeared to be clinical trials of ephedrine or ephedra.
Efficacy: Weight Loss
We identified 44 controlled trials (51 articles) that assessed ephedra, ephedrine, or ephedrine and other compounds used for weight loss. Of these, 18 trials were excluded from pooled analysis because they had a duration of treatment shorter than 8 weeks; another 6 trials were excluded for other reasons (eg, insufficient data for metaanalysis; crossover design without provider outcomes at the crossover point).
For the remaining 20 trials, we classified the comparisons made into 6 categories: ephedrine vs placebo, ephedrine and caffeine vs placebo, ephedrine and caffeine vs ephedrine alone, ephedrine vs another active weight loss pharmaceutical, ephedra vs placebo, ephedra with herbs containing caffeine vs placebo. We found no trials of ephedra vs another active weight loss therapy. Details of the 19 placebocontrolled studies are presented in TABLE 1.
Ephedrine vs Placebo. We identified 5 trials containing 6 comparisons that assessed the effect of ephedrine vs placebo.
9,22,25,28,29 All 5 were described as randomized, placebo-controlled trials with results reported at 3 or 4 months' duration of treatment. The randomeffects pooled estimate of the rate of weight loss was 0.6 kg per month above weight lost with placebo (95% confidence interval [CI], 0.2-1.0) (FIGURE 2). The pooled average percentage weight loss in the ephedrine-treated patients, compared with pretreatment weight, was 11% at 4 months. A sensitivity analysis of only those trials scoring 3 or greater on the Jadad scale yielded a pooled estimate of effect substantially lower than that yielded by the main analysis (weight loss rate, 0.2 kg per month); this difference (compared with the main analysis) was statistically significant (P=.049). All of these trials had an attrition rate of greater than 20% and therefore no sensitivity analysis on attrition could be performed. A final sensitivity analysis dropping the trial by Moheb et al 9 did not materially change these results. In our dose analysis, only high doses of ephedrine produced a weight loss that was statistically significantly greater than zero, and the difference in weight loss between medium-dose trials and high-dose trials approached statistical significance (P = .05). Neither graphical assessment nor statistical tests yielded evidence of publication bias (P = .45 for rank test; P=.82 for regression test).
Ephedrine and Caffeine vs Placebo. We identified 12 trials that assessed the effect of ephedrine and caffeine vs placebo for weight loss, * with results reported at between 2 and 4 months' duration of treatment. Seven were described as randomized, doubleblind, placebo-controlled trials. The random-effects pooled estimate of the rate of weight loss was 1.0 kg per month above weight lost with placebo (95% CI, 0.7-1.3) (Figure 2 ). The pooled average percentage weight loss in the ephed- RCT indicates randomized cointrolled trial; CCT, controlled clinical trial. *Various reasons (see "Methods" section). †2 studies had no placebo group and therefore did not contribute to the odds ratio meta-analysis.
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©2003 American Medical Association. All rights reserved. rine-and caffeine-treated patients, compared with pretreatment weight, was 11% at 4 months. A sensitivity analysis of only those trials that scored 3 or greater on the Jadad scale yielded a result similar to that yielded by the main analysis. Another sensitivity analysis of only those trials that had less than 20% attrition also yielded a similar result. A third sensitivity analysis dropping the trial by Moheb et al 9 did not change the primary analysis. Neither did sensitivity analyses that dropped trials that included synephrine or aspirin. In our dose analysis, there was a trend toward increased weight loss with higher doses (weight loss greater than that lost with placebo of 0.9, 0.9, and 1.4 kg/mo for low, medium, and high doses, respectively) but these differences were not statistically significant. Neither graphical assessment nor statistical tests revealed publication bias (P = .30 for rank test; P=.12 for regression test).
Ephedrine and Caffeine vs Ephedrine. We identified 3 trials that included comparisons that assessed a combination of ephedrine and caffeine vs ephedrine alone. 9, 22, 29 All 3 had attrition rates of greater than 20%. The random-effects pooled estimate of weight loss was 0.4 kg per month above weight lost with ephedrine alone (95% CI, 0.02-0.7) (data not shown). There were too few trials to perform any sensitivity analysis.
Ephedrine vs Another Active Weight Loss Pharmaceutical. We identified 2 trials that compared ephedrine vs another active weight loss therapy. 26, 32 Both took place in Denmark and did not have sufficient statistical power to detect even a 30% difference between groups. One trial compared dexfenfluramine with a combination of ephedrine and caffeine. 32 At 15 weeks of treatment there was no statistically significant difference in weight loss between groups. The second trial compared the Elsinore pill (a prescription containing ephedrine and caffeine) with diethylpropion (Figure 2 that assessed the effect of ephedra with herbs containing caffeine, with results reported at between 2 and 4 months' duration of treatment. All 4 were described as randomized placebocontrolled trials. The pooled randomeffects estimate of the rate of weight loss was 1.0 kg per month above weight lost with placebo (95% CI, 0.6-1.3) (Figure 2) . The pooled average percent weight loss in the ephedra-treated patients, compared with pretreatment weight, was 5.2% at 4 months. A sensitivity analysis with only those trials scoring 3 or more on the Jadad scale yielded a result similar to the main analysis. All these studies assessed medium doses of ephedra and therefore no analysis stratified by dose was possible. Neither graphical assessment or statistical tests revealed any evidence of publication bias (P = .73 for rank test; P=.23 for regression test).
Efficacy: Athletic Performance
We found 8 published controlled trials [33] [34] [35] [36] [37] [38] [39] [40] of the effects of synthetic ephedrine on athletic performance; most were crossover designs and all but 1 also included caffeine. One study assessed the effect of ephedrine and exercise training on basal metabolic rate, did not report athletic performance outcomes, and is not described below. 33 The remaining 7 trials were not appropriate for pooled analysis because they involved different types of exercise (power and endurance) and different outcome measures, so they are discussed here individually. We found no trials assessing the effects of herbal ephedra on athletic performance.
Six trials by Bell and colleagues [34] [35] [36] [37] [38] [39] assessed the exercise capacity of small groups of healthy male participants (all trials included 24 participants or fewer) and are summarized in TABLE 2. These trials reported that neither caffeine nor ephedrine alone had significant effects on parameters of exercise performance such as oxygen consumption, time to exhaustion, or carbon dioxide production, but the combination of ephedrine and caffeine consistently demonstrated a 20% to 30% increase in performance. The single trial of strength training did show an improvement in muscle endurance but only on the first of 3 repetitions. In the only trial to test the effects of ephedrine and caffeine on thermal regulation, no increase in temperature was reported. Nausea and vomiting were reported in a third of the participants given ephedrine at a dose of 1 mg/kg with 5 mg/kg of caffeine, but not in any of those given a lower dose of 0.8 mg/kg of ephedrine and 4 mg/kg of caffeine. One other trial was identified. It reported no statistically significant improvement in a battery of tests of physical function including oxygen uptake, measures of endurance and power, reaction time, hand-eye coordination, speed, and self-perceived exertion. 40 
Safety Assessment: Randomized Trials
Two of 52 trials were excluded from the OR analysis because they did not have a placebo group. 32, 41 There were numerous symptoms reported as adverse events in the remaining 50 trials of ephedra and ephedrine. We grouped clinically similar symptoms into 7 categories: (1) psychiatric symptoms, ie, those described in the original clinical trials as "euphoria," "neurotic behavior," "agitation," "neuropsychiatric," "depressed mood," "giddiness," "irritability," and "anxiety;" (2) autonomic hyperactivity symptoms, ie, those described in the original clinical trials as "tremor," "twitching," "jitteriness," "insomnia," "difficulty sleeping," "increased sweating," "increased perspiration," and "sweating;" (3) upper gastrointestinal symptoms, ie, those described in the original clinical trials as "nausea," "vomiting," "abdominal pain," "upset stomach," "heartburn," and "gastroesophageal reflux;" (4) palpitations, ie, those symptoms described in the original clinical trials as "palpitations," "irregular heartbeat," "loud heartbeat," "heart pounding," and "increased or stronger heartbeat;" (5) tachycardia, ie, those symptoms described in the original clinical trials as "tachycardia" and "slightly elevated heart rate;" (6) hypertension, ie, those symptoms described in the original clinical trials as "hypertension," "increased systolic blood pressure," and "increased diastolic blood pressure;" and (7) headache. TABLE 3 presents the pooled estimate of the OR for each of those adverse events for which there were sufficient data to justify attempting meta-analysis. The OR will slightly overestimate the risk ratio for these events, because they occur in 10% to 20% of participants. Participants in active treatment had between 2.2 and 3.6 increased odds for the adverse events of psychiatric symptoms, autonomic hyperactivity, upper gastrointestinal symptoms, and heart palpitations. There was a trend toward an increase of similar magnitude in the report of hypertension, but this increase was not statistically significant. In our dose analysis, there was a trend toward higher risk of adverse events with higher doses of ephedrine, but data were sparse and these differences were not statistically significant (for example, adjusted ORs of autonomic hyperactivity were 2.7 and 10.4 for medium-and high-dose ephedrine, respectively, but the 95% CIs overlapped). It is not possible to estimate the degree to which caffeine contributes to these results, because there were too few trials of ephedrine alone or ephedra alone to support Run times for ephedrine and caffeine trial were significantly faster than those for control and placebo trials. Bell et al, 36 1999 Placebo Ephedrine (1 mg/kg) and caffeine (5 mg/kg) Treadmill walking at 50% VO 2 peak, 40°C climate, 30% relative humidity Ephedrine and caffeine did not significantly change tolerance times when compared with placebo. Ephedrine and caffeine did not affect skin or rectal temperature, sweat rate, or sensation of thermal comfort.
Bell et al, 37 2000 Placebo Caffeine (5 mg/kg) and ephedrine (0.8 mg/kg) Caffeine (4 mg/kg) and ephedrine (1 mg/kg) Caffeine (4 mg/kg) and ephedrine (0.8 mg/kg)
Cycle ergometer trials to exhaustion at 85% VO 2 peak A lower dose of ephedrine and caffeine resulted in ergogenic effect similar in magnitude as reported previously with a higher dose, while fewer adverse effects were reported.
Pasternak et al, 38 1999 Placebo Ephedrine (0.8 mg/kg) Caffeine (4 mg/kg) Ephedrine (0.8 mg/kg) and caffeine (4 mg/kg) Three supersets of leg press and bench press, to exhaustion
Ephedrine and ephedrine and caffeine increased muscular endurance, but only in the first set. Systolic blood pressure was increased with ephedrine and with ephedrine and caffeine. Bell et al, 39 2001 Placebo Ephedrine (1 mg/kg) Caffeine (5 mg/kg) Ephedrine 1 (mg/kg) and caffeine (5 mg/kg) Two different cycle ergometer tests, with 1 to exhaustion at 125% VO 2 peak
Ephedrine improved performance during Wingate test of anaerobic power. Caffeine increased time to exhaustion in second test.
stratified analyses. The 1 trial of herbal ephedra without herbs containing caffeine reported a statistically significant 2-fold increase in gastrointestinal symptoms. If we consider all 1706 patients in the treatment groups of all 52 trials, these trials have at least 80% power to distinguish a serious adverse event rate of 1.0 per thousand or higher. Thus, though we observed no serious adverse events in any of these trials, the relatively small aggregated sample size across the treatment groups in all trials limits the strength of our conclusions.
Safety Assessment: Case Reports
We reviewed 71 case reports in the published literature, 1820 case reports in the FDA MedWatch files, and 15 951 cases reported to 1 manufacturer of ephedra-containing dietary supplements. The majority of case reports are insufficiently documented to make an informed judgment about a relationship between the use of ephedrine-or ephedra-containing dietary supplements and the adverse event in question. From the unpublished reports, 284 concerned serious adverse events and had sufficient evidence to warrant detailed review. We identified 2 deaths, 3 myocardial infarctions, 9 cerebrovascular accidents, 3 seizures, and 5 psychiatric cases as sentinel events with prior ephedra consumption; and 3 deaths, 2 myocardial infarctions, 2 cerebrovascular accidents, 1 seizure, and 3 psychiatric cases as sentinel events with prior ephedrine consumption. We identified an additional 43 and 7 cases as possible sentinel events with prior ephedra and ephedrine consumption, respectively. About half of sentinel events occurred in persons aged 30 years or younger (TABLE 4). Full details are 
COMMENT
We found sufficient evidence to conclude that the short-term use of ephedrine at high doses, or of ephedrine and caffeine, ephedra, and ephedra with herbs containing caffeine, promotes weight loss in selected patient populations. These results satisfy, with 1 exception, published criteria 42 for the evaluation of weight loss products, as they are randomized, blinded, placebocontrolled, and resulted in a weight loss of at least 5% of pretreatment weight. The criterion not met is duration of treatment, as all trials but 3 reported less than 6 months duration of treatment. Trials assessing 1 year of treatment are considered desirable, as are trials assessing what happens to weight after the weight loss product is discontinued.
We can also conclude that caffeine adds additional efficacy to ephedrine in promoting weight loss, and the effects of ephedrine and caffeine and ephedra with or without herbs containing caffeine are approximately equivalent, each resulting in about 0.9 kg per month of weight loss above that lost with placebo, extending out to 4 months. To help put these data in context, placebocontrolled studies of some FDAapproved weight loss pharmacotherapies have reported losses 2.7 to 4.5 kg greater than losses with placebo over 6 to 12 months for patients taking sibutramine [43] [44] [45] [46] or orlistat [47] [48] [49] [50] [51] ; or 7.2 kg greater than with placebo at 9 months for patients taking phentermine. 52 There are no data regarding weight loss beyond 6 months' use of ephedrine or ephedra.
Regarding athletic performance, we were unable to identify any controlled trials of ephedra. The few identified trials of ephedrine did not study it as used by the general population, that is, repeated use. Therefore, the effect of ephedra or ephedrine as it is used to promote enhanced athletic performance is unknown.
We found sufficient evidence to conclude that ephedrine and ephedra are associated with 2 to 3 times the risk of psychiatric symptoms, autonomic symptoms, upper gastrointestinal symptoms, and heart palpitations. It is not possible to separate out the effect caffeine may contribute to these events. As most ephedra-containing dietary supplements also contain herbs with caffeine, this issue may be moot. We also found a number of case reports of serious adverse events that occurred in young adults without apparent causes. Similar observations have been made by others 2 and raise the possibility that there may be a causal relationship between ephedrine or ephedra use and rare serious adverse events. A recent casecontrol study reported an adjusted OR of 3.59 (95% CI, 0.70-18.35) for hemorrhagic stroke in persons taking more than 32 mg/d of ephedra. We note that we found no studies of ephedra where participants consumed less than 32 mg/d of ephedra. 53 In addition, another recent report linked ephedra use to an increased risk of adverse events reported to poison control centers, relative to other herbal products. 54 Our study has several limitations. Many of the trials had methods problems. However, not all trials did, and our sensitivity analyses of the higherquality trials supported our main analysis with respect to ephedrine and caffeine and with respect to ephedra. Only for ephedrine alone did we find evidence that higher-quality trials reported smaller effects, as has been reported in meta-analyses of other clinical questions. 11 Second, while we did not find any evidence of publication bias, this does not mean that it does not exist. There is no way of ever knowing if all trials conducted have been identified. We made reasonable efforts to identify and did identify some unpublished data. Third, we did not observe significant heterogeneity among the weight loss trials but acknowledge that the 2 test of heterogeneity is underpowered. We used a random-effects approach and sensitivity analysis to try to incorporate and understand possible heterogeneity. The heterogeneity among the athletic performance trials prevented us from conducting a formal meta-analysis at all. Fourth, the generalizability of the results to the use of ephedra or ephedrine in a general population may not be valid. The weight loss trials frequently involved medical screening to detect preexisting conditions, such as heart disease, that may predispose subjects to an increased risk of adverse events. Such patients were then excluded from the trials. Whether patients taking ephedra or ephedrine without such medical screening have a similar risk of adverse events is unknown. Finally, the weight loss trials as a group had limited duration of treatment times and thus we cannot draw conclusions about the association between ephedra and weight loss over longer and more clinically relevant intervals than about 4 months, nor about what happens to weight after the ephedra or ephedrine is stopped.
With these limitations in mind we found sufficient evidence to conclude that ephedrine-and ephedra-containing dietary supplements have modest short-term benefits with respect to weight loss and have harms in terms of a 2-to 3-fold increase in psychiatric symptoms, autonomic symptoms, upper gastrointestinal symptoms, and heart palpitations. More serious adverse effects from ephedra use cannot be excluded at a rate less than 1.0 per thousand, and case reports raise the possibility that a causal relationship with serious adverse events may exist. We did not find sufficient evidence to support the use of ephedra for enhancing athletic performance.
